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Abstract
A series of chromophores based on a n- di- of tri-substituted triphenylamine core a
allylidenemalonitrile fragments has been designgte linear and second order nonlin

optical propertiesas well as thermal stabilitof the chromophores have been stuc



experimentally. Structure-properties relationships, term of branching effect on the
triphenylamine core and the influence of anilinefoarin part on the photophysical
properties and NLO response have been highlighEegerimental results have been

rationalized by theoretical calculations.

Introduction

Nonlinear optic (NLO) has been subject to intensegearch since the development of lasers.
Under high intensity electromagnetic excitation,Odchromophores undergo modification of
their electronic structure leading to modificatioh their optical propertie5.Second order
NLO-chromophores exhibit high first order hyperp@ability S and have been used for the
generation of new frequencies of coherent lighgcteboptic modulation and photonic
switching with applications such as the generabbra green laser from a red source, the
terahertz wave generation for telecommunicationthrdsecond/third harmonic microscdpy.
Second order NLO chromophores are generally indcgaraterials. Nevertheless, organic
materials offer several advantages such as wellhelfand easily tunable structures and large
NLO responses. The B-A push-pull structure is typical of second orderONchromophores
and the first order hyperpolarizability is closegtated to the intramolecular charge transfer
(ICT) into the moleculé.The NLO properties can be tuned by playing ondiieor/acceptor
couplé or by varying thereconjugated linker. In addition to the ordinary linear B-A
systems, quadrupolar (DeA), or A-(T-A)2) and octupolar (D#¢A); or A-(TtA)3) structures
can be also used for second order NLO propertiesiged the chromophores are not
centrosymetrié.

The triphenylamine building block has been exteglgiwised as electron-donating group for
push-pull structures. Triphenylamine derivativeshwelectron-withdrawing substituents are

well-known for their high luminescentand two-photon absorption (TPA) propertie§he



mono-, di-, and tri- substitution of the triphenylime core permit to obtain dipolar,
guadrupolar and octupolar structures. A signifidanainching effect has been observed on the
TPA properties. Dipolar monosubstituted triphenylamine derivativeave been extensively
described as second order NLO chromophttegut quadrupolar and octupolar
triphenylamine chromophores have been rarely uséuis context!

Recently, allylidenemalonitrile derivatives haveebeproposed as NLO chromophotes.
Some of these compounds exhibit high figure of trféri

In this contribution we describe the synthesisrgdhenylamine derivatived decorated with
one, two or three allylidenemanolonitrile fragmebézring aniline or coumarin groups (Chart
1). Their photophysical and second order NLO priogeras well as their thermal stability
were also studied. TD-DFT calculations were alsdopmed to gain further insight into the

ICT occurring in these structures.
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Chart 1: Structure of studied compounds

Results and discussion

Synthesis

Compoundsl and 2 were obtained with moderate to good yield by cosdéon of the
corresponding ethylidenemalononitrile derivatven mono-, di-or tri-formyltriphenylamine
starting material (Scheme 1) according to a proeedeveloped previously by some of'ds.

It should be noted that due to solubility probleime synthesis of compourft from tri-



formyltriphenylamine has been performed in MeCNead of EtOH. The chromophore with
three coumarin fragments was not isolated, oncenafjze to solubility reason even when
using MeCN as solvent.
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Scheme 1. Synthesis of compoundsand?2.

Linear Optical Properties

The UV-vis and photoluminescence (PL) spectroscapata for compoundd and 2,
measured in chloroform are presented in Table 1thadhormalized spectra are shown in
figure 1. The analyses were carried out using lowcentration solution ((1.0-2.0) x Tov

for absorption, (1.0-2.0) x TOM for emission). Under these conditions, self apton

effects were not observed.

Table 1. UV-vis and photoluminescence (PL) data in C&dilution.

Nabs £ Aem Stokes shift Brightnes8®

Compd (hm) MMtem™® (hm) oFf  (ecm™) (MM teni?)
la 304, 490 26.8, 40.0 629 0.16 4510 6.4
1b 451sh, 512 37.8,54.5 613 0.26 3218 14.2
1c 345, 509 30.4,59.4 612 0.30 3306 17.8
2a 387, 507 39.2, 86.8 666 0.32 4709 27.7

2b 397,470 39.141.0 654 0.19 5986 7.8
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Figure 1. Normalized absorption and emission spectra in GldCcompoundd (part a) and

2 (part b)

All the compounds exhibited orange-red emissionhwjuantum yield up to 0.32. For
compoundsl, it appears that the polysubstitution of the teipylamine core results in blue-
shifted emission associated with a significantease of the quantum yield and of the molar
extinction coefficient of the charge transfer apson band, leading to an enhanced
brightness. The emission of compou2tisis also blue-shifted in comparison with compound
2a, in accordance with the observation on other sefdriphenylamine derivative&®*°As

far as coumarin 2) and aniline 1) derivatives are compared, a significant bathatihoshift

is observed either in absorption and emission s& cd compound? indicating an enhanced
ICT.

The photophysical properties of compouridend 2 were measured in a series of aprotic
solvents of various polarity, estimated by the QithrReichardt paramet&t.Concerning the
absorption spectra (see Table S1), a bathochrohificis observed in chlorinated solvents
(CH.CI, and CHCY) indicating that the excited state of the studetdlomophore can be
effectively stabilized by polarizable halogentagedvent'’ For compounddb, 1c and2b, a
bathochromic shift attributed to the formation eghregat® is also observed in heptane.
The results of emission solvatochromism are givedable 2. As observed generally for
push-pull compound&:8>-¢11P¢19%he studied chromophores showed a significanttipesi
emission solvatochromism. This solvatochromic béraesults from the stabilization of the
highly polar emitting state by polar solvefits.As examples, the PL spectra and the color
changes observed upon UV-irradiation of compodadin various solvents are shown in
Figures 2-3 and S4. It should be noted that intdnseinescence is only observed in

chlorinated solvents (CHgand CHCI,) and in THF.



Table 2 Emission solvatochromis of TPA derivatives—7 in various aprotic solven

Heptane Toluenel,4-dioxane THF CHCIl, Acetone
30.9 33.9 36.0° 37.4 40.7 42.7
Compd Amax (NM) Amax (M) Amax (NM)  Amax (NM) Amax (NM) Apax (NmM)
la 544 574 591 628 661 676
1b 679 568 587 634 645 688
1c - 566 593 630 643 -
2a 573 611 618 663 686 -
2b 570 607 627 667 677 -
2 E1(30), Dimroth-Reichardt polarity parameter in kcal r™.
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Figure 2: Normalized emission spectra of compoilain various solvent




Figure 3: Fluorescence colcchange ofla in various solvents (from left to right: hepta

toluene, 1,4-dioxane, CHEICH,Cl,, Acetone) with a hanteld UV lamp Agyxc = 366 nm).

Due to the presence of protonable amino groupsdrstructure of compoundl, the effect of
progressive addition of camphorsulphonic acid (C®A)the photophysical properties
compoundla has been studied. The addition of CSA M), in chloroform solution o

compoundla lead to a redhifted absorptionAzps= 512 nm) and emissio\en = 672 nm)

maxima with an increased fluorescence quantum Yy®g =0.20 (Figure 4




Figure4: Color change of CHGIsolution ofla without (left) or with (right) the addition of

CSA (10% M) under white light (part a) or UV lamp irradiati (\exc = 366 nm).

The evolution of the emission spectrum of chlorofosolution of compoundla upon

progressive addition of CSA is shown on Figure énitary to what is observed generally in
case of an acid-base equilibrium, no isobestictpsishown. The progressive bathochromic
shift of the emission band might be attributed foo&arity and ionic strength increase of the

media instead of the protonation of the chromophore
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Figure 5: Change in the emission spectra of a GHsolution ofla (c = 2.0 x 16 M) upon

addition of CSA

Second Order NLO properties

The second-order NLO responses of chromophdraad 2 were measured by the EFISH
technique in CHGIsolution with a non resonant incident wavelendth307 nm. The second

harmonic atA = 953 nm stays well clear of the absorption baofishe chromophores.



Experimental details on EFISH measurements arengalgewheré! EFISH measurements
provide information about the scalar produg (2w) of the vector component of the first
hyperpolarisability tensor3 and the dipole moment vectdr.This product is derived

according to equation 1 and considerp@2w,w,w,0), the third-order term, as negligible for
the push-pull compounds under consideration. Th@a&imation is usually used for push-
pull organic molecules.

JerisH = HABISKT + J6(-2w,w,w,0) Eq. 1

The results of EFISH measurements are presenteahle 3. For all the compounds, positjy8were
obtained, indicating that excited states are maotarjzed than the ground state and that both ground
and excited states are polarized in the same girec€ompoundsl and 2 exhibited higher NLO
response than Disperse Red 1 generally used asnmeéefg8 = 450 10" esu)*®* Coumarin
derivatives2 exhibit higher NLO response than their anilinelagaes. In the aniline series,
the multisubstitution of the triphenylamine coradeng to the quadrupolar structutk and

the octupolar structuréc results in a reduction of the NLO response withard to the

dipolar monosubstituted triphenylamine derivatiee Even if theuS value of chromophore

2b is higher than that dfa, its figure of merit is significantly lower.

Table 3. Results of EFISH measuremefds compoundd and?2.

la 1b 1c 2a 2b

HB[10* esuf 880 770 670 1400 1750

UBo[10* esuf 600 510 450 930 1240

LAMWS 20 1.2 08 25 20

218 (2w) at 1907 nm in CHGI Molecular concentrations used for the measuresneste in the range o

102 M. ug + 10%" Two level correcteg values go).2*  Figure of merit 1d® esu g mot

Thermal properties
The thermal stability of NLO chromophores is aldceg parameter for application in devices

due to the high temperature requested for prepargtiocesses. Thermogravimetric analysis



(TGA) for compoundsla, 1b and 2 (Figure 6) showed good stability with thermal
decomposition occurring at temperature higher t@°@0which is sufficiently high for
application in electro-optical device applicaticddompoundslc and 2b showed thermal

decomposition beginning at lower temperature (atld260°C)
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Figure 6: TGA curves of chromophordsand2

Computational studies

The optimized structures of the compounand2 in CHCk are shown in Figure 7 and S1-S4.
The selected geometrical parameters are given bleT81. Ground state geometries of
studied molecules showed that tieeonjugated linker between the diphenylamino grang
the cyano fragments were not completely planam wiit-of-plane twist angles of less than
25° which increases in the following ordka (17.8°) <1b (20.2°, 21.5°) <lc (23.7°, 23.8°,
24.3°) andza (11.7°) <2b (16.0°, 16.2°). Moreover the Bound length alteora{BLA) has
been calculated for the vinylic linker of each lmarof the chromophores. The results are

provided in table 4. BLA value increases in thddiwing order:1a < 1b < 1c and2a < 2b.



These results indicates that the ICT decreases opgdisubstitution of the triphenylamine
core and that the coumarin fragment, with resped¢hé aniline one, significantly enhances

ICT into the chromophores, in accordance experialétO response.

Figure 7. Optimized structure dfa in ground state.

Table 4. BLA in (A) calculated for the vinylic linker on ek branch of chromophordsand
2.

1st branch 2nd branch 3rd branch
la 0.06287 - -
1b 0.06948 0.06907 -
1c 0.0732 0.0727 0.07266
2a 0.05875 - -

2b 0.06624 0.06619 -




To get further information about electronic struets of all studied molecules, TD-DFT
calculations were performed with cam-B3LYP/6-31+4gjdn CHCE. Calculated absorption
maxima, oscillator strengths and the contributiohsrbital transitions for compounds 1 and
2 are given in Table 5. As seen from the table,ntiagor contributions for main absorption
band come from the transition HOM&LUMO (83-88%). Apart from a systematic blue shift
of the TD-DFT results with respect to the experitakones, similar trends are observed: a
red-shift of absorption maxima for polysubstituteghenylamines. HOMO, LUMO energies
and the energy gap between HOMO and LUMKE) are also provided in Table 5. The
calculations show thaE value changes in order 1@ > 1b ~ 1c and2a > 2b, in accordance
with experimental absorption maxima but in conttéidn with BLA calculations.

Table5. TD-DFT Computed UV-vis data for compountiand?2.

Contributions Enomo ELumo  AE

Molecules  Apa® f Transitions
(%) (eV) (eV) (eV)
la 439 1.4412 HOMG-LUMO 88 -5.25 -2.56 2.69
HOMO-2—LUMO 6
1b 459 1.8814 HOMG6-LUMO 83 -5.36 -2.80 2.56
HOMO-3—-LUMO+1 10
HOMO—LUMO+2 3
1c 445 1.6600 HOMG-LUMO 80 -5.44 -2.86 2.58
HOMO-5-LUMO+1 2

HOMO-5—-LUMO+2
HOMO-4—LUMO

2a 458 1.4987 HOMOG>LUMO 85 -5.24 -2.68 2.57
HOMO-2—LUMO
HOMO-1-LUMO

2b 468 2.0322 HOMG-LUMO 80 -5.34 -2.90 244
HOMO-3—LUMO+1 9
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Figure 8. HOMO and LUMO localizations ifta-1c and2a-2b.

As shown on Figure 8, the HOMOs are localized om dlonating triphenylamine moiety
while the LUMOs are localized dicyanomethylene atoe groups for all the studied
compounds. However, for compoudd, the LUMO occupies only two branches, the third
one being completely vacant indicating that theraa contribution to the charge transitions
from that branch. This is a common feature of ulgdo triphenylamine push-pull
chromophoreg?82.202

The calculated electrical dipole moment) (and first hyperpolarizability #&) values at
B3LYP/6-311++g(2d,p) in chloroform are given in Talb. The calculations indicate a
decrease of thg values fromla to 1c and from2a to 2b. For compoundg, the presence of
the coumarin fragment in the structure providednarease in the NLO property with respect

to compound4 in accordance with experimental results.



Table 6. Calculated electrical dipole momenmt) (and first hyperpolarizabilitys) values of
compoundd and2 at B3LYP/6-311++g(2d,p) in chloroform.

k(D) B (x 10* esu)
la 15.0 576
1b 13.7 527
1c 9.6 99
2a 15.2 649
20 22.0 625

Conclusion

In summary five chromophores with a triphenylamine core andliae/coumarin decorated

allylidenemalonitrile fragments have been synthexbizTheir photophysical properties have
been measured. These compounds exhibit strong iemigs chlorinated solvent and the

intense emission solvatochromism observed is ctaisiic of a strong ICT. Relatively high

NLO responsel() have been obtained and the following trends Haaen observed: the

multisubstitution of the triphenylamine core result a decrease of the figure of merit and
coumarin fragments on allylidenemalonitrile sigeéiintly enhance the NLO response with
respect to their aniline analogues. The easy sgighhligh thermal stability and important

figure of merit of chromophoreda and 2a make them interesting candidate to be

incorporated into polymeric films for second harncageneration.

Experimental section

Materials

All chemicals were purchased from commercial sosiraed were used without further
purification 2-(1-(4-aminophenyl)ethylidene)malononitrile ar@H(1-(7-(diethylamino)-2-

oxo-2H-chromen-3-yl)ethylidene)malononitrile werat@ined as described in the literattite.



Thin-layer chromatography (TLC) was used for maomig the domino reactions using
precoated silica gel 60 F254 plat#4/**C NMR spectra were recorded on NMR spectrometer
Bruker-Spectrospin Avance DPX 300 and Ultra-Shial@MSO-ds. Chemical shiftsd) are
given in parts per million (ppm) using the resicdiodvent peaks as reference relative to TMS.
Coupling constantsJ] are given in hertz (Hz). High resolution masscéfze(HRMS) were
recorded at Gazi University Faculty of Pharmacyngselectron ionization (EI) mass
spectrometry (Waters-LCT-Premier-XE-LTOF (TOF-M83truments; imvz (rel. %). FT-IR
spectra were recorded on Nicolet iS5 FT-IR Speattemequipped with ATR system. The
melting points were measured using Electrotherrd200 apparatus. Absorbance and
emission spectra were recorded by using a Spex FluoroMaleBin—Yvon Horiba
spectrofluorimeter. Compounds were excited at thlegorption maxima (longest-wavelength
absorption band) to record the emission spectra. &ifhvalues were calculated by using a
well-known procedure with 9,10-bis(phenylethynytiaacene in cyclohexane as standard.
Stokes shifts were calculated by considering tixegt-energy absorption band.
Computational methods

The calculations were performed using Gaussiana@8age prograrft. The compounds were
optimized using Density Functional Theory (DFTB&LYP/631g(d) levef’ The vibrational
analysis verify that the optimized structures cgpand to local minima on the energy surface.
The time-dependent density functional theory (TD¥IPEalculations were performed at cam-
B3LYP/631+g(d,p) level. To obtain the second or&O properties of the molecules, the
dipole moment |f) and hyperpolarizability /) were estimated from the calculations
performed using B3LYP/6311+g(2d,p) level. All cdltions were done in CHEgWwith the

polarized continuum model (PCM) [#.

General procedure for the synthesis of compouaes and2a-b



A mixture of the corresponding triphenylamine aadldehyde (2 mmol) and the appropriate
ethylidenemalononitrile (1.4 eq per formyl group)daa few drops piperidine in 40 mL
ethanol was stirred under reflux untill completiohthe reaction (8-48 h). After cooling to

room temperature the precipitate was fillteredaoifl then recrystallized from ethanol.

(E)-2-(1-(4-aminophenyl)-3-(4-(diphenylamino)phgaiylidene)malononitrile (1a) : Red
solid. Yield: 74% (649 mg) mp: 205-20C FT-IR (cm®): 3456-3361 (NH), 3036 (CH ar),
2217 (CN), 1626-1600 (CC ar) 1581 (CC aJ:NMR (DMSO-ds, &): 7.58 (d,J = 8.8 Hz,
2H), 7.38-7.16 (m, 13 H), 7.00 (d= 15.3 Hz, 1H), 6.87 (dl = 8.6 Hz, 2H), 6.67 (d] = 8.5
Hz, 2H), 6.13 (s, 2H)'*C-NMR (DMSO4; , 8): 171.4, 153.6, 150.7, 148.3, 146.4, 132.5,
130.9, 130.3, 127.6, 126.1, 125.3, 122.2, 120.6,911116.4, 115.5, 113.6, 73.1. HR-MS
(MVz), [M+H]": CaoH.aN,4 , calculated: 439.1917; found: 439.1935
2,2'-((2E,2'E)-((phenylazanediyl)bis(4,1-phenylébis) 1-(4-aminophenyl)prop-2-en-3-yl-1-
ylidene))dimalononitrilg1b) : Red solid. Yield: 70% (886 mg) mp: 248-2%D FT-IR (cm

1): 3487-3375 (NH), 3336 (NH), 2592 (CN), 1600 (CC dti-NMR (DMSO-ds, 8): 7.66 (d,

J = 8.6 Hz, 4H), 7.45 — 6.95 (m, 17H), 6.68 {d= 8.6 Hz, 4H), 6.17 (s, 4H}*C-NMR
(DMSO-ds , 9): 171.1, 153.7, 149.3, 147.7, 145.8, 132.6, 13038.5, 129.6, 126.7, 126.1,
123.4, 119.7, 116.3, 115.4, 113.6, 73,6. HR-M$z) , [M+H]": CsHsoN; , calculated:
632.2557 ; found: 632.2573
2,2',2"-((2E,2'E,2"E)-(nitrilotris(benzene-4,1ydl)tris(1-(4-aminophenyl)prop-2-en-3-yl-1-
ylidene))trimalononitrile(1c) : Tris(4-formylphenyl)amine ( 0.586 g, 0.71 mmatda2-(1-(4-
aminophenyl)ethylidene)malononitrile (0.653 g, 3.B¥nol) were dissolved in absolute
acetonitrile (40 mL). Piperidine was added in gatalamount (0.1 mL) and the reaction
mixture was refluxed under,Mor 12 h. After cooling to r.t., the mixture wasysed into ice-

water and pH 7 with 1 M NaOH. The residue was clatmgraphed on a silica gel column



with ethyl acetate/n-hexane (v/v, 6/1) to produteark red solid. Yield: 40% (30 mg) mp:
180°C FT-IR (cm®): 3471-3369 (NH), 2213 (CN), 1623 (CC ar), 1601 (CC dhl-NMR
(DMSO-dg, 8): 7.71 (d,J = 8.7 Hz, 6H), 7.36 (d, J = 15.6 Hz, 3H), 7.31Jd; 8.7 Hz, 6H),
7.12 (d,J = 8.7 Hz, 6H), 7.07 (d] = 15.5 Hz, 3H), 6.68 (dl = 8.7 Hz, 6H), 6.21 (s, 6H)°C-
NMR (DMSO-de, 0): 171.1, 153.8, 148.6, 147.5, 132.7, 131.0, 122421.1, 119.7, 116.2,
115.4, 113.6, 74.0. HR-MSm(z), [M+H]": Cs4Hs/Nio , calculated: 825.3197 ; found:
825.3225

(E)-2-(1-(7-(diethylamino)-2-oxo-2H-chromen-3-yh4%&-
(diphenylamino)phenyl)allylidene)malononitril@a): Red solid. Yield: 86% (970 mg) mp:
233-235°C) FT-IR (cm?): 3062 (CH ar), 2967 (CH alk), 2222 (CN), 1706 (CD622 (CC
ar), 1579 (CC ar)H-NMR (DMSO-ds, 3): 8.08 (s, 1H), 7.63 (d] = 8.7 Hz, 2H), 7.55 (d] =
9.0 Hz, 1H), 7.43-7.13 (m, 12H), 6.85 (t= 8.7 Hz, 2H), 6.80 (ddl, = 8.9 Hz,J, = 2.1 Hz,
1H), 6.64 (dJ = 1.5 Hz, 1H), 3.49 (q) = 6.7 Hz, 4H), 1.15 (&) = 6.9 Hz, 6H)*C-NMR
(DMSO-ds , 6): 167.0, 158.7, 157.6, 152.5, 151.2, 148.9, 14¥4®.2, 131.6, 130.4, 127.3,
126.4, 125.6, 120.6, 120.1, 114.8, 114.0, 112.8,211107.8, 96.9, 78.7, 44.8, 12.8. HR-MS
(MVz), [M+H]": Cs7H3:1N4O- calculated: 563.2442 found: 563.2471.
2,2'-((2E,2'E)-((phenylazanediyl)bis(4,1-phenylgbis)1-(7-(diethylamino)-2-oxo-2H-
chromen-3-yl)prop-2-en-3-yl-1-ylidene))dimalonoitér(2b) : Black solid. Yield: 45% (792
mg) mp: 270-272C) FT-IR (cm?): 2929 (CH alk), 2216 (CN), 1714 (CO), 1615 (CC 4
NMR (DMSO-s, 8): 8.10 (s, 2H), 7.71 (d, J = 8.7 Hz, 4H), 7.55J& 9.0 Hz, 2H), 7.46-
7.14 (m, 7H), 7.05 (d] = 8.6 Hz, 4H), 6.80 (ddl, = 9.0 Hz,J, = 1.8 Hz, 4H), 6.65 (d] = 1.8
Hz, 2H), 3.50 (gJ = 7.0 Hz, 8H), 1.15 (] = 6.9 Hz, 12H). Due du solubility problem, it was
not possible to register a complete 13C nmr speTtHiR-MS (Vz) , [M+H]": CseHagN7Os,

calculated:880.3606 ; found: 880.3618.
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